To extend the kinetic studies on the phosphoryl transfer reactions involving a leaving group of isothiocyanate, 1 the nucleophilic substitution reactions of dimethyl isothiocyanophosphate (1) with substituted anilines (XC 6 H 4 NH 2 ) and deuterated anilines (XC 6 H 4 ND 2 ) are investigated kinetically in acetonitrile (MeCN) at 55.0 ± 0.1 o C (Scheme 1). The purpose of this work is to gain further information into the leaving group ability, deuterium kinetic isotope effects (DKIEs), and mechanism, as well as to compare with the kinetic results of the anilinolyses of diethyl isothiocyanophosphate [2: (EtO) 2 P(=O)NCS], 1a and their counterparts with a leaving group of chloride: dimethyl [1': (MeO) 2 P(=O)Cl] and diethyl [2': (EtO) 2 P(=O)Cl] chlorophosphates. 2
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Results and Discussion
The observed pseudo-first-order rate constants (k obsd ) were found to follow Eq. (1) for all the reactions under pseudofirst-order conditions with a large excess of aniline nucleophile. The k 0 values were negligible (k 0 ≈ 0) in MeCN. The second-order rate constants (k H and k D ) were determined for at least five concentrations of anilines. The linear plots of Eq. (1) suggest that there are no base-catalysis or noticeable side reactions and that the overall reaction is described by Scheme 1.
The k H and k D values with X-anilines and deuterated Xanilines, respectively, are summarized in Table 1 , together with the DKIEs (k H /k D ) and Hammett ρ X(H and D) and Brönsted β X(H and D) coefficients. The pK a (X) values of the X-anilines in water were used to obtain the Brönsted β X values in MeCN, and this procedure was justified experimentally and theoretically. 3 The values of pK a (X) and σ X of the deuterated X-anilines are assumed to be identical to those of the Xanilines. Perrin and coworkers reported that the basicities of β-deuterated analogs of benzylamine, N,N-dimethylaniline and methylamine increase roughly by 0.02 pK a units per deuterium, and that these effects are additive. 4 Thus, the pK a (X) values of deuterated X-anilines may be slightly greater than those of X-anilines, however, the difference is too small to be taken into account.
The anilinolysis rate increases with a more electrondonating substituent X in the nucleophile which is consistent with a typical nucleophilic substitution reaction with positive charge development at the nucleophilic reaction center N atom in the transition state (TS). The Hammett ( Fig. 1 ; log k H(D) vs σ X ) and Brönsted [Fig. 2; log k H(D) vs pK a (X)] plots for substituent X variations in the nucleophiles give considerably large magnitudes of ρ X(H) = -4.83 (ρ X(D) = -5.24) and β X(H) = 1.71 (β X(D) = 1.85). The magnitudes of selectivity parameters with the deuterated anilines are slightly greater than those with the anilines. The DKIEs are primary normal (k H /k D > 1) and the values of DKIEs invariably increase as the nucleophile becomes weaker. The remarkably large value of k H /k D = 2.19 with X = 3-Cl is the largest one, observed for the phosphoryl transfer reactions in this lab. 8 The second-order rate constants (k H ) with unsubstituted 
Notes
aniline, natural bond order (NBO) charges at the reaction center P atom in the gas phase [B3LYP/6-311+G(d,p) level of theory], 9 Brönsted coefficients (β X(H) ), and DKIEs (k H /k D ) of the reactions of 1, 2, 1', and 2' with XC 6 H 4 NH 2 (D 2 ) in MeCN at 55.0 o C are summarized in Table 2 . The magnitude of the NBO charge of the reaction center P atom in the substrate does not correlate with the rate, suggesting that the inductive effects of the two ligands do not play any role to determine the anilinolysis rate. The rate (with C 6 H 5 NH 2 ) of 1 (and 1') with the two methoxy ligands is faster than that of 2 (and 2') with the two ethoxy ligands: k(1)/k(2) = 17.7 and k(1')/k(2') = 1.5. These suggest that the steric effects of the two ligands play an important role to determine the anilinolysis rate and that the rate is inversely proportional to the size of the two ligands. It is well known that the chloride (Cl -) is a better leaving group compared to isothiocyanate (NCS -). 1 The rate ratio of k(2')/k(2) = 3.3 is consistent with expectation for the leaving group abilities of chloride and isothiocyanate. However, the rate ratio of k(1')/k(1) = 0.28 is pretty unusual. The anilinolysis of 1 exhibits linear free energy relationship for substituent X variations in the nucleophiles while that of 2 exhibits discrete biphasic free energy correlations. 1a The β X (= 1.71) 10 value of 1 and that (β X = 1.45) of 2 with the strongly basic anilines are relatively large. The β X (= 0.92) value of 2 with the weakly basic anilines and those of 2 (β X = 0.96) and 3 (β X = 1.06) are comparable. The DKIEs of 1 are primary normal (k H /k D = 1.07-2.19) and those of 2 with the weakly basic anilines are partially primary normal (k H /k D = 0.71-1.58). The DKIEs of 2 with the strongly basic anilines (k H /k D = 0.74-0.87), 1' (k H /k D = 0.80-0.98), and 2' (k H /k D = 0.71-0.92) are secondary inverse. The DKIEs are one of the strong tools to clarify the reaction mechanism. The DKIEs have provided a useful means to determine the TS structures in the nucleophilic substitution reactions, and how the reactants, especially through changes in substituents, alter the TS structures. Incorporation of deuterium in the nucleophile has an advantage in that the α-DKIEs reflect only the degree of bond formation. The DKIEs can only be secondary inverse (k H /k D < 1.0) in a normal S N 2 reaction, since the N-H(D) vibrational frequencies invariably increase upon going to the TS because of an increase in steric congestion in the bond-making process. 11 The greater the degree of the steric congestion in the TS, the value of k H /k D becomes smaller. In contrast, when partial deprotonation of the aniline occurs in a ratelimiting step by hydrogen bonding, the k H /k D values are greater than unity, primary normal (k H /k D > 1.0). 12 The greater the extent of the hydrogen bond, the value of k H /k D becomes greater. 
Bull. Korean Chem. Soc. 2012 , Vol. 33, No. 8 2771 The authors accordingly proposed that the anilinolyses of 1' and 2' proceed through a concerted mechanism with a backside nucleophilic attack TSb on the basis of the secondary inverse DKIEs and good leaving group ability of chloride.
The authors proposed the mechanism for the anilinolysis of 2 as follows: (i) for the strongly basic anilines, a stepwise mechanism with a rate-limiting leaving group departure from the intermediate involving a predominant backside attack TSb (Scheme 2) based on the large β X value and secondary inverse DKIEs; (ii) for the weakly basic anilines, a concerted mechanism (or a stepwise process with a ratelimiting bond formation) on the basis of the small β X value and the TS variation from a dominant backside attack TSb with X = (4-F, 3-MeO) to a dominant frontside attack involving a hydrogen bonded, four-center-type TSf (Scheme 2) 13 with X = (4-Cl, 3-Cl) on the basis of the secondary inverse DKIEs (k H /k D = 0.71 with X = 4-F and 0.83 with X = 3-MeO) and primary normal DKIEs (k H /k D = 1.15 with 4-Cl and 1.58 with 3-Cl).
The change of the leaving group from chloride to that of a lower leaving ability, isothiocyanate, can cause a change in mechanism from a concerted to a stepwise process with a rate-limiting breakdown of the trigonal bipyramidal pentacoordinate (TBP-5C) intermediate. This is in accord with the well established trend of the mechanistic change depending on the leaving group ability: the lower the leaving ability of the leaving group, the greater is the tendency for a stepwise mechanism with a rate-limiting expulsion of the leaving group from the intermediate. 14 In the present work, thus, the authors propose a stepwise mechanism with a rate-limiting leaving group departure from the intermediate involving a hydrogen bonded, four-center-type TSf (Scheme 2) on the basis of the large β X value and primary normal DKIEs.
Activation parameters, enthalpy and entropy of activation, are determined as shown in Table 3 . The enthalpy of activation is relatively low and entropy of activation is relatively large negative value. The relatively low of activation enthalpy and large negative value of activation entropy are typical for the aminolyses of P=O systems.
In summary, the nucleophilic substitution reactions of dimethyl isothiocyanophosphate (1) with substituted anilines (XC 6 H 4 NH 2 ) and deuterated anilines (XC 6 H 4 ND 2 ) are investigated kinetically in acetonitrile at 55.0 o C. The magnitudes of the selectivity parameters are considerably large. The DKIEs are primary normal (k H /k D = 1. 07-2.19 ). These are interpreted to indicate a stepwise mechanism with ratelimiting expulsion of the isothiocyanate leaving group from an intermediate. A predominant frontside nucleophilic attack involving a hydrogen bonded, four-center-type TSf is proposed on the basis of the primary normal DKIEs.
Experimental Section
Materials. The substrate of dimethyl isothiocyanophosphate was synthesized as previously described. 15 HPLC grade acetonitrile (water content is less than 0.005%) was used for kinetic studies without further purification. Anilines were redistilled or recrystallized before use as previously described. 1,2 Deuterated anilines were synthesized by heating anilines and deuterium oxide (99.9 atom %D) and one drop of HCl as catalyst at 90°C for 72 hours, and after numerous attempts, anilines were deuterated more than 98%, as confirmed by 1 H NMR.
Kinetic Procedure. Rates were measured conductometrically at 55.0 ºC. The conductivity bridge used in this work was a self-made computer automated A/D converter conductivity bridge. Pseudo-first-order rate constants, k obsd were measured by curve fitting analysis in origin program with a large excess of anilines, [substrate] = 5 × 10 −3 M and [X-aniline] = (0.1-0.3) M. Second-order rate constants, k 2 , were obtained from the slope of a plot of k obsd vs. [X-aniline] with five concentrations of anilines. The pseudo-first-order rate constant values (k obsd ) were the average of at least three runs that were reproducible within ± 3%.
Product Analysis. Dimethyl isothiocyanophosphate was reacted with excess aniline for more than 15 half-lives at 55.0 o C in MeCN. Acetonitrile was evaporated under reduced pressure. The product mixture was treated with ether by a work-up process with dilute HCl and dried over anhydrous MgSO4. Then the product was isolated through column chromatography (30% ethyl acetate/n-hexane) and then dried under reduced pressure. The analytical and spectroscopic data of the product gave the following results (see 
